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Extracting reaction-kinetic distributions, in terms of activation energies (E) and preexponential factors (A), from the S2 peak data generated by pyrolysis tests conducted at three or more distinct heating ramps, is a well-established technique. These reactionkinetics distributions are of paramount importance in establishing the timing and degree of petroleum generation from shales undergoing a range of burial and thermal histories. A commonly adopted approach is to determine and define reaction kinetics using a derivative of the Arrhenius equation configured in terms of a fixed/constant A value. Although the fixed-A approach can obtain good fits to multi-rate pyrolysis data, here it is shown that a formulation of the Arrhenius equation that involves reactions with a range of E and A values provides equally good fits to the multi-rate pyrolysis data. Moreover, the kinetic distributions with variable E-A provide more credible reaction kinetics consistent with those established for a range of kerogen types known for decades.
To establish accurate fits to multi-rate pyrolysis S2 peak data at 1 • C intervals from 250 • C to 700
• C an optimizer is applied to the preferred Arrhenius equation formulation to derive reaction increments and transformation fractions to a range of reaction kinetics (E-A pairs). The methodology applied involves two steps:
Step 1 finds the single E-A pair that best matches the S2 peak temperatures (three or more for multi-rate pyrolysis data); step 2 uses the E-A pair from step 1 as its modal focus and fits the full S2 peak shape using a distribution of 11 distinct reaction. This approach can replicate the fixed-A approach but is best applied using reactions with variable E-A values. The results of applying this method to multi-rate pyrolysis data for ten published kerogens and shales show credible kinetic distributions spread along the established E-A trend for kerogen/shales.
Introduction
The temperature and timing of transformation of the kerogen in source rocks (organic-rich sedimentary rocks, predominantly shales) into petroleum depending upon the formation's burial history are key unknowns to be modelled for petroleum exploration purposes (Hood et al., 1975; Tissot and Espitalie, 1975) . Thermal maturity indices linked to Arrhenius equation first-order reactions (Arrhenius, 1889) effective across laboratory and geological-time scales, and responsive to different heating rates are essential for such modelling (Lerche et al., 1984; Lewan, 1985; Wood, 1988; Larter, 1989) .
The type of kerogen (e.g., types I, II, III, IV), macerals involved and their reaction kinetics vary among organic-rich shales (e.g., Tissot and Welte, 1984; Lewan, 1985, Ungerer and Pellet, 1987) . The reaction kinetics of kerogen can vary within individual shales on a local and regional basis (Peters et al., 2015) and many shales contain mixtures of kerogen types complicating their combined reaction kinetics. The level of thermal maturity measured using vitrinite reflectance can be adequately modelled with a limited set of reaction kinetics (Wood, 1988; Larter, 1989; Nielsen and Barth, 1991 ) that match the thermal maturity level reached by vitrinite. However, thermal transformation of kerogen into petroleum is typically modelled with a distribution of multiple, parallel Arrhenius reaction kinetics (Sweeney and Burnham, 1990; Peters and Cassa, 1994; Pepper and Corvi, 1995; Inan and Schenk, 2001; Dieckmann, 2005; Stainforth, 2009) . Such reaction kinetics distributions reflect the heterogeneity of the kerogen(s) present in shales and the multiple reactions required to match kerogen/shale pyrolysis experiments at laboratory conditions, specifically the shapes and temperature ranges of their S2 peaks. It is therefore reasonable to associate petroleum 2 Wood, D.A. Advances in Geo-Energy Research 2019, 3(1): 1-28 generation under geological conditions with multiple kinetic reactions and potentially other processes.
In addition to time and temperature, other factors contribute to the pace of petroleum generation and expulsion (primary migration) from the kerogens within the source rocks. Cracking of bitumen and natural gas liquids (i.e., ethane to butane; C1 to C4 alkanes) to smaller hydrocarbon molecules is an ongoing process in maturing shales (Tissot and Welte, 1984) . Reactions stimulated by sulfur, water, alumino-silicates, charcoal and potentially other materials present in source rocks have been shown to significantly influence and catalyse petroleum formation (e.g., yields and composition) and accelerate kerogen reaction rates in certain conditions (Larson and Walton, 1940; Espitalie et al., 1980; Lewan, 1985; Huang, 1996; Lewan, 1997; Lewan and Ruble, 2002) . The growth of micro-porosity in kerogens as shale formations progressively pass through stages of thermal maturity (Chalmers et al., 2009 (Chalmers et al., , 2012 Passey et al., 2010; Clarkson et al., 2013; Wood and Hazra, 2017 ) is likely to effect the timing, temperature and efficiency of petroleum expulsion from kerogen. Some or all of these processes, together with first-order reaction kinetics, are likely to be reflected in the pyrolysis S2 peak characteristics of specific source rock and kerogen samples.
Modelling kerogen conversion to petroleum, by applying a parallel set of first-order Arrhenius reactions, therefore, provides only an approximation of the full petroleum generation processes that evolve in shales during their thermal maturation. Nevertheless, parallel sets of Arrhenius equation evaluations, exploiting their integrals, can be meaningfully applied to model and fit the shapes of S2 pyrolysis peaks measured for kerogens and shales in the laboratory. It is then straightforward to translate those reaction kinetics distributions to model and predict the most likely timing and degree of petroleum conversion over geological time scales and geothermal gradients.
This study proposes a new methodology for extracting reaction kinetics distributions from multi-heating rate pyrolysis data avoiding the oversimplified assumptions involved in the methods typically applied for that purpose. The implications of this approach are considered at laboratory and geological time scales and burial histories.
Method
Arrhenius (1889) proposed and justified Eq. (1) to model reaction rates across a significant range of time scales and its usefulness in modelling reaction kinetics is well established (Friedman, 1963; Coats and Redfern, 1964) .
where k ARR is the reaction rate constant. A is the preexponential (frequency) factor. This a constant that can be varied to express reactions over different time scales (e.g., geological in millions of years (my −1 or /my); laboratory in minutes (min −1 or /min) or seconds (s −1 or /sec). e is the mathematical exponent. E is the activation energy for the reaction (typically expressed in kJ/mol; although, U.S. laboratories use kcal/mol). R is the universal gas constant (0.008314 kJ/mol/ • K). T is the absolute temperature (in degrees Kelvin, • K).
Eq. (1) can be rearranged to express it in a linear form and expressed in terms of E (Eq. (2)):
where log e refers to the natural logarithm (also expressed as ln).
The relationship of the reaction kinetics of different types of kerogen are meaningfully expressed in relation to Eq. (2) by an E versus log e (A) or ln A crossplot. Wood (1988, his Fig. 1 and Table 1 ) used Eq. (2) to display a broad linear correlation between E and ln A from data published in the 1970s and 1980s for different types of kerogen and hydrocarbon reactions. Fig. 1 , which incorporates more recently published kerogen kinetic data (Peters et al., 2015) , confirms the relevance of that E and ln A trend to kerogen reaction kinetics, as it was originally defined, particularly over the range E = 175 to E = 275 kJ/mol. That trend identifies that activation energies varying from E = 100 kJ/mol to 300 kJ/mol, covering a wider range of hydrocarbon reactions are characterized by a strong positive correlation between E and ln A -the so-called compensation effect. Eq. (2) with a temperature value of 659
• K (∼ 386
• C) defines that trend (along which the E-A pairs yield the same reaction rate constant at 659
• K). Ungerer (1990) published a linear E-log A relationship (with A expressed in /sec) for reaction kinetics derived from kerogen, shale and coal pyrolysis analysis performed in the 1980s. That trend is also shown in Fig. 1 , with ln A expressed on a /my scale. It is based on Eq. (2) evaluated with a temperature of 450
• C. Across the range E = 175 kJ/mol to E = 265 kJ/mol, where the reaction kinetics of most Type I, Type II and Type III kerogens tend to lie, the E-A trends defined by Wood (1988) and Ungerer (1990) intersect and are in close agreement. This is the E-A range that the analysis presented in this study focuses upon.
Useful conversions and relationships relevant to reaction kinetics: kJ/mol ∼ 4.184 kcal/mol; A expressed as /my = 5.2596 E+11* A expressed as /min; A expressed as /min = 60*A expressed as /sec; 1 million years = 60*24*365.25*10 6 = 5.2596 E+11 minutes.
The Arrhenius time temperature index (T T I ARR ), as defined by Wood (1988) , multiplies the integral of Eq. (1) (shown as Eq. (3)) between specific temperature intervals by the time (expressed on a /my scale) spent in each of a series of specified time intervals. The time intervals are defined so that each experienced a constant heating rate, but that heating rate is crucially able to vary from time interval n to the next time interval n + 1 to reflect changing geological and heat flow conditions. Fig. 1 . Arrhenius equation reaction kinetics in terms of activation energies (E) versus the natural logarithms of the pre-exponential (frequency) factors expressed on a /million years scale (ln A). This study refers to the calculated weighted averages for the ten samples A to J described in the text and using the proposed optimization method (Opt 3). The Wood (1988) trend was based on an approximate fit through kerogen and hydrocarbon reaction kinetics published in the 1970s and 1980s. It was drawn to originally focus the T T I ARR thermal maturity modelling method. The Ungerer (1990) 450 • C trend is based on independent kerogen pyrolysis data performed in the 1980s. Other more-recent pyrolysis data for two well-studied shales (Kimmeridge and Monterey, Peters et al., 2015) are also shown. The E-A values selected (E = 218 kJ/mol and ln A = 61.56 /my) by Wood (1988) for the T T I ARR thermal maturity modelling method are situated close to the center of this trend and close to the reported reaction kinetics of vitrinite.
where q n is the heating rate expressed in • C/my determined by the geothermal gradient applied at the basin scale for the time interval n. Calculating the temperatures at times t n and t n+1 from the burial history enables a unique value of q n to be applied for each time interval modelled at the geological scale.
A q n represents the time adjustment factor for the index. For the same temperature difference between time point n and n + 1, the value of q n will become smaller as the length of that time interval between n and n + 1 increases so the value of A q n increases. Hence, the T T I ARR as defined by Eq. (3) is not a double integral (i.e., an integral of time and an integral of temperature), but a temperature integral with a time adjustment factor applied to each time interval modelled.
The Eq. (3) integral is determined to sufficient accuracy by Eq. (4), which applies the approximate solution of Gorbachev (1975) for each specific temperature (T n+1 in
• K) interval experiencing a constant heating rate relative to T n = 0
• K.
The T T I ARR can be meaningfully applied at the geological scale with the capability of modelling the incremental reaction contributions from specific kerogen reaction kinetics (i.e., a single E-A pair) subjected to complex burial histories (Wood, 1988 (Wood, , 2017a . It can also be easily manipulated to provide similar calculations at laboratory scales (/min, /sec) relevant to pyrolysis tests.
There are several other effective integral solutions for the Arrhenius equation (Flynn, 1997) . Eq. (5) is an example of an alternative expression of the Arrhenius equation to derive the incremental reaction contributions over small temperature intervals across a constant heating-rate ramp applied in recent modelling of pyrolysis S2 peak data at the laboratory scale (e.g., Chen et al., 2017) .
Most laboratory-based kerogen kinetic and S2-peak pyrolysis studies apply Arrhenius equation derivatives similar to Eq. (5), where it is appropriate to assume a constant heating rate between all temperatures recorded. This laboratory assumption does not, of course, reflect the realities of a multi-dimensional burial history of a shale formation, where geothermal gradients and burial (uplift) rates vary significantly over geological time.
At the geological scale it is a necessity to be able to calculate an Arrhenius equation integral for a series of time intervals experiencing different heating rates. Wood (1988) resolved this by expressing the T T I ARR (reaction increments) (7) To derive the cumulative time-temperature index (T T I ARR ) of a rock formation buried at varying rates over geological time, the values for Eq. (6) and Eq. (7) are summed for all m time intervals involved in the formations burial history, as formulated by Eq. (8). Wood (1988) expressed in an abbreviated form and is correlated with vitrinite reflectance for E = 218 kJ/mol and ln A = 61.56 /my (Wood, 2018a (Wood, , 2018b .
The Arrhenius equation and the T T I ARR measure can also be manipulated to readily calculate the extent to which a reaction has been completed (i.e., the transformation fraction or factor, T F ) and/or the amount of reactants remaining for a reaction to continue. Eq. (9) determines the quantity of a reactant yet to be transformed (Y t ) by a reaction at time t.
where t is time, and Y 0 is the quantity of a reactant available before the reaction began. Y t is dependent upon the values of the E-A applicable to the specific reaction, and k is the Arrhenius equation constant reaction rate for that specific reaction.
The k t term in Eq. (9) realistically reflects the thermal maturation process. The T T I ARR index (Eq. (8)) essentially does that for the burial history of the kerogen over a geological time scale. The T T I ARR index can, therefore, be substituted for exponent (k t ) in Eq. (9) and, the quantity of reactant, Y t , can be normalised to a 1 to 0 scale (Wood, 1988) . This simplifies the petroleum conversion reaction calculation to Eq. (10).
where X t represents the fraction of that kerogen reaction yet to be converted to petroleum, starting at a value of "1" and reaching a value of "0" when that kerogen reaction has generated the last of its petroleum. In petroleum exploration and in reaction kinetic studies it is usually more relevant to calculate 1 -X t , the transformation fraction at time t (T F t ) using Eq. (12). The scale for T F t is from "0" (that kerogen reaction has not yet generated any petroleum) to "1" (that kerogen reaction has generated the last of its petroleum).
Eq. (6) and Eq. (11) are easily adapted by expressing A on a /min scale to model at the laboratory scale S2 peaks derived from pyrolysis tests at constant heating rates to provide the reaction increments (Eq. (6)) and the transformation fraction (Eq. (11)) at each 1
• C increment. This study focuses on a model applying Eq. (6) and Eq. (11) to derive meaningful values of E and A.
Peak transformation temperature T P eak T F is important at the geological scale for petroleum explorationists, because it identifies when a kerogen reaction is generating petroleum at the highest incremental rate. It is also of high importance in pyrolysis S2 peak characterization and modelling, because it identifies the S2 peak temperature. T P eak T F is established at the temperature point T for the conditions (Eq. (12)):
where
• C. For single kerogens or shales with a dominant kerogen type or a mixture of kerogens with quite similar kinetics the incremental reaction products produced calculated using Eq. (6) over an appropriate temperature ramp and the S2 pyrolysis peaks typically involves a single peak (unimodal) with a relatively symmetrical shape. However, for mixtures of significantly different kerogen types with distinct reaction kinetics the incremental reaction products produced can be bimodal or multimodal leading to various asymmetrical reaction peak shapes. In such circumstances more than one temperature may satisfy the T P eak T F conditions expressed by Eq. (12).
Here, the ability to use Eq. (6) and Eq. (11) to model and accurately fit pyrolysis S2 peak shapes and T F curves, respectively, for kerogens and shales is demonstrated using published multi-heating rate pyrolysis curves for shales from different geographic regions and with distinct kerogen types. The method used to do this involves the following steps: (1) Digitize the pyrolysis S2 peak curves at each heating rate from their published images deriving between 25 and 50 points of "counts" (reaction products) versus temperature for an S2 peak temperature range lying between 250
• C and 650
• C; (2) Interpolate between the digitized data points to provide a data distribution on a / • C basis; (3) Normalize the interpolated data to provide an S2 peak where the normalized counts for the / • C temperature range sum to 1 to generate the reaction increment distribution; (4) Calculate the cumulative normalized counts versus per /
• C temperature distribution to generate the T F distribution; (5) Use Eq. (6) to model and fit the incremental distribution (from step 3) and/or Eq. (11) to model and fit the T F distribution (from step 4) by varying E and/or A values across a series (11 in total) parallel reactions with the aid of an optimizer; (6) The results presented here apply Excel's Solver (GRG option) as the optimizer in two sequential steps: (a) to match the S2 peak temperatures for three or more distinctive pyrolysis heating rates to derive the E-A pair that best reproduce those peak temperatures; and, (b) use the E-A pair established by step 6(a) as the central point of an E-A distribution (of 11 parallel reactions) that is optimized to reproduce most accurately (minimum mismatch as measured by mean squared error) the shape of the full S2 pyrolysis peak; (7) The objective function of the step 6(b) optimizer is set to minimize the mean squared error (MSE) between modelled and normalized data curves. This can be performed with the normalized counts bell-shaped curve using the reaction-increment distribution from step 3 (with Eq. (6)), or the sigmoidal T F distribution from step (with Eq. (11)), or the combination of the two. Good matches between model and normalized pyrolysis data are achieved for various kerogen reaction kinetic combinations. The data set that is optimized in step 6(b) involves intervals of 1
• C for a temperature range extending from ∼ 250
• C to ∼ 750 • C for three S2 peaks measured at significantly different (
• C/min) heating rates. Hence, about 1500 individual data points are tested in each iteration by the optimizer as part of the curve-fitting optimization process. The differences between modelled and measured values for each 1 • C temperature interval contribute to the MSE value for the combination of the eleven E-A pairs tested.
How the E-A pairs of values are calculated using the parallel reactions is critical in establishing meaningful reaction kinetics distributions. In steps 6 and 7 of the proposed methodology each of the eleven parallel first-order reactions is evaluated separately (with different E-A pairs and contribution fractions f i (0 to 1) to the mixed kinetics peaks generated from the combination of those individual reactions). For example, the model T F curve for each iteration of the optimizer is generated using Eq. (13).
where p is the number of kinetic components contributing to the shale/kerogen sample with mixed kinetics (i.e., p = 11 for the optimization methodology applied here); f i = the fraction of each kinetic component contributing to the shale/kerogen sample with mixed kinetics, where: 0 ≤ f i ≤ 1, and, Most models applied in the past three decades to extract reaction kinetics distributions from multi-heating rate pyrolysis tests use a simpler formulation of the Arrhenius equation derivative to determine the E and A values for a series of multiple parallel reactions, as expressed in Eq. (14) (e.g., Abbassi et al., 2014; Han et al., 2014; Liao et al., 2018) .
where x i is the residual potential of petroleum formation associated with reaction i; p is the total number of parallel reactions considered; t is time; T is temperature; R is molar gas constant; A is a fixed frequency factor; E i is a distinct activation energy for each of the i reactions. Using Eq. (14) to locate the A value that best fits the multirate pyrolysis peaks and then adjusting the E values to refine the fit to the S2 peak shapes underpins the programmed micropyrolysis process (Burnham et al., 1987; Braun and Burnham, 1990; Braun et al., 1991; Sundararaman et al., 1992 ) that applies a mathematical routine to optimize the best fit between the calculated and measured curves. The method typically derives S2 pyrolysis peaks using three different heating rates applying specific furnace setups (Schaefer et al., 1990 ). Schenk and Dieckmann (2004) suggested that to obtain reasonable geological predictions from kerogen reaction kinetics, petroleum transformation factors are best measured using on low heating rates of 0.7
• C/min, 2 • C/min and 5
• C/min. However, Peters (2014) suggested that only temperature ramps of > 30
• C/min appear to be too fast to obtain good reaction kinetic fits between modelled and measured curves because of delayed heat transfer between the thermocouple and the sample. Consequently, most multi-heating-rate pyrolysis conducted in recent years uses heating ramps that vary between 1
• C/min and 25
A version of this simplified (discrete) methodology (Miura, 1995 ; Kinetics 2000 software developed by Lawrence Livermore National Laboratory (LLNL) and Humble Instruments and Services) continues to be widely applied (e.g., Han et al., 2014; Abbassi et al., 2014 Abbassi et al., , 2016 Liao et al., 2018) . It makes the dubious assumption that parallel first-order reactions with a single frequency factor and variable activation energies can accurately invert kerogen reaction kinetics from multi-heating rate pyrolysis peaks. The justification for applying a single frequency factor to all reactions in the distribution was valid in the 1980s due to limited computing capacity and the empirical need to reduce the number of unknown parameters involved in the multiple parallel calculations. However, this approach is clearly inconsistent with theoretical considerations associated with kerogen distribution and behavior in shales subjected to both laboratory or geological conditions (Ungerer and Pelet, 1987; Wood, 1988; Ungerer, 1990) .
Rather than use the simplified Eq. (14) with its fixed-A assumption and constant heating rate restriction (which works fine in the laboratory, but not for geological burial rates) Eq. (6), Eq. (11) and Eq. (13) 
Pyrolysis data modelled
Published multi-heating-rate pyrolysis S2-peaks for ten samples of pure kerogen (extracted from source rocks) and shales displayed as images of incremental hydrocarbon yields at specific temperatures (within the range 250
• C to 650
• C) used in this study, and labelled A to J, are derived from the following published sources. A Kerogen from Pingliang Formation (PL-M-O 2 p, marine shale, Middle Ordovician) an outcrop sample from the Erdos/Ordos Basin (China). Digitized for heating rates 5 deg/min; 15 deg/min and 25 deg/min (Liao et al., 2018 . F South Elwood-composite Monterey Formation (Miocene) shale sample (13.58 wt% S) from cores drilled in the South Elwood Field well, Santa Barbara-Ventura Basin, California (U.S.A.). Digitized for heating rates 1 deg/min; 7 deg/min and 50 deg/min . G Naples Beach Monterey Formation (Miocene) outcrop sample Santa Barbara County, from 921.5 feet above the base of the Monterey (8.88 wt% S) formation. Digitized for heating rates 1 deg/min; 7 deg/min and 50 deg/min . The per degree C normalized incremental yield and cumulative transformation curves for each of these samples, at the three different pyrolysis heating ramps used for analysis, are listed in the supplementary file (see Appendix).
Another potential data source that was evaluated was the Upper Cretaceous lacustrine shale samples from the Songliao Basin (China), published by Wang et al. (2011) at five different heating rates varying from 10
• C/min to 50
• C/min. However, these pyrolysis results are published as very small images and as transformation ratios rather than incremental hydrocarbon yield S2 peaks. Once digitized these curves could not be used to identify the S2-peak temperatures with confidence, so were not used for this study. This suggests that in order to use digitized transformation curves for the method proposed here, the source images need to be published at a reasonably detailed scale.
Results

Alternative approaches to mixing reaction kinetics to define kerogen kinetic distributions
It is the mixing of individual reaction kinetics that is typically applied to match and fit pyrolysis S2-peak shapes. This combination of reactions reflects the fact that most shales and coals do not consist 100% of a single kerogen maceral, but rather their kerogen is made up of a mixture of different macerals with distinct reaction kinetics (i.e., E-A values). Indeed, even in source rocks with a single kerogen type there are likely to be multiple reactions involved associated with the dissociation of various chemical bonds (e.g., C-C, C=C, C-H, C-S, etc.) associated with the various hydrocarbon molecules constituting that kerogen. Nevertheless, with a single kerogen component the set of reactions involved is likely to be simpler than for source rocks containing multiple kerogen types. There are several ways in which reactions kinetics can be combined in an optimum way to match S2 peak shapes. Here, three distinct peak-matching-optimization approaches are considered, compared and contrasted:
Opt 1 -mix reactions along the E-A kerogen trend defined in Fig. 1 .
Opt 2 -mix reactions of a constant A value that match the S2 peaks of multi-rate pyrograms (produced by three distinct heat ramps). This is the approach that has been widely adopted since the 1990s in determining kerogen kinetic distributions.
Opt 3 -mix reactions with variable E-A values centered on an E-A value that matches the S2-peak temperatures of multi-rate pyrograms produced by three distinct heat ramps (Steps 6a and 6b of the preferred new methodology described here).
In attempting to match S2-peak shapes exactly with mixtures of reactions associated with distinct E-A kinetics, all three of these methods assume that the S2-peaks are made up only of the products and processes associated with first-order reactions. While this assumption is reasonable for thermally immature shales, it is less likely to be realistic for more thermally mature shales because second order reactions associated with the breakdown and release of bitumens, gases and other reaction products are likely also to be involved. Here, we focus upon thermally immature/early mature samples to avoid the complications of S2-peak matching of thermally mature shales, which are to be addressed as part of a future study.
A comparison of the reaction peak shapes for distinct kerogen kinetics using Opt 1 and Opt 2 for four different laboratory-scale heating ramps (1 • C/min; 5 • C/min; 15
• C/min; and, 25
• C/min) highlights some of the peak characteristics and their relative temperature ranges. Fig. 2 identifies three distinct reactions taken from the E-A trend defined in Fig. 1 . The two extremes lie beyond the range of typical kerogens, which mostly lie in a kinetic range that straddles the E150 to-E300 reaction rates close to the established E-A trend. However, it is useful to consider the mixing implications of the peak relationships across this extreme range of possible reactions. Fig. 3 illustrates the peak characteristics (incremental curves on the left; transformation factors -T F 0 to 1 -on the right) for these three, reaction kinetics and the four different laboratory scale (i.e., pyrolysis) heating rates. What stands out in Fig. 3 are the relative positions of the three reaction peaks/curves at the different heating rates. Both activation energy (E) and pre-exponential factor (A) play a role in determining the characteristics of those peaks as demonstrated by Eq. (6).
At the lowest heating rate (1 • C/min) the three reaction curves overlap significantly with the E350-ln A86 /my reaction showing the lowest peak reaction temperature E100-ln A40 /my reaction showing the highest peak reaction temperature. As the heating rate increases the E100-ln A40 /my reaction progressively moves to the right and, at the two higher heating rates (15
• C/min), occurs at significantly higher temperatures than the other two reactions. Reaction E350-ln A86 /my displays the narrowest reaction peak (Fig. 3 , left) and steepest T F curve (Fig. 3, right) with a reaction peak that moves gradually to higher temperatures (from 416
• C to 454
• C) as the heating rate increases. Reaction E218-ln A62 /my displays a somewhat broader peak than reaction E350-ln A86 /my with a reaction peak that moves to gradually to higher temperatures (from 427
• C to 489
• C) as heating rate increases. Reaction E100-ln A40 /my shows the most significant variation of the reactions considered at different heating rates. It displays the broadest peak, which becomes broader as heating rate increases, and, in contrast to the other two reactions, its reaction peak moves to significantly higher temperatures (from 444
• C to 590
• C) as heating rate increases.
The net effect of mixing these three reactions in equal proportions is that the peak of the mixed reactions would progressively move to a higher temperature as heating rate increases. These relationships suggest that the increase in the mixed peak reaction temperature as heating rate increases is most significantly influenced by reactions with lower E-A values. they also suggest that the right flanks of mixed-reaction curves are influenced more by the lower E-A reactions involved, whereas the left flanks of mixed-reaction curves are influenced more by the higher E-A reactions involved. Fig.  3 highlights that mixing reactions with different E-A kinetics can lead to quite complex outcomes at different heating rates depending upon the specific E-A values involved. Fig. 4 identifies three distinct reactions taken with identical A values distributed along a vertical line that intersects the E-A trend defined in Fig. 1 at E = 218 kJ/mol (i.e., the reaction rate calibrated with vitrinite reflectance (Wood, 2017) ). Mixing reactions along a fixed-A trend is the approach used by many in defining reaction kinetic distributions. The two ends of the fixed-A trend are E = 200 kJ/mol and E = 245 kJ/mol. The narrow range of E values along the fixed-A trend compared to the variable E-A trend approximating kerogen/hydrocarbon reactions highlights the sensitivity of varying E at a specific A value, compared to the compensation effect of increasing or decreasing E and A in conjunction with each other. Fig. 5 illustrates the peak characteristics (incremental curves on the left; transformation factors -T F 0 to 1 -on the right) for these three, reaction kinetics and the four different laboratory scale (i.e., pyrolysis) heating rates. What stands out in Fig. 5 is the similarity in the incremental peak shapes and widths and gradients of the T F curves of the three reactions across all four heating rates considered. There is only a very slight overlap between the curves of the three reactions. The incremental peaks do increase slightly in width from the E200-ln A62 /my reaction to the E245-ln A62 /my reaction. Significantly, the peak temperatures are spread over a wide range (370
• C to 511
• C for the 1 • C/min heating rate; 427
• C to 580
• C for the 25 • C/min heating rate). These characteristics are quite distinct from the variations shown in Fig. 3 .
The net effect of mixing the three reactions in equal proportions is that the peak of the mixed reactions would progressively move to a higher temperature as heating rate increases, but in a more regular manner than for mixing reactions with different E and A values. These relationships suggest that all E values have similar relative impacts on the peak shape if present in similar fractions. It is also apparent that in fixed-A reaction mixing the right flanks of mixed-reaction curves are primarily influenced by the higher-E reactions involved, whereas the left flanks of mixed-reaction curves are primarily influenced by the lower-E reactions involved. In terms of E values this is the opposite to their influence in Fig. 3 . the consequence of these characteristics is that it is generally easier to fit reaction curve shapes by mixing reactions in varying proportions along a single-A trend, rather than applying variable E-A kinetics. Just because it is easier to achieve peak fits using constant A values does not though make it more appropriate to do so.
The relationship between peak petroleum transformation temperatures and reaction kinetics
To establish meaningful reaction kinetics in terms of a distribution of E-A values from pyrolysis tests it is necessary to match the measured S2-peak data with modelled curves generated using theoretical reaction algorithms (e.g., Eq. (6), Eq. (11) and Eq. (13)) evaluated at laboratory scale heating rates (i.e., /min scales). On the other hand, in order to apply the derived kinetics to evaluate petroleum generation in terms of kerogen transformation fractions into petroleum, it is necessary to apply the derived kinetics at geological-scale heating rates (i.e., /my scales). Evaluating pyrolysis data at multiple heating rates is essential to narrow down the possible E-A ranges of the reactions that potentially match the S2 peaks. A first 
Kerogen Kinetics Compared for a Mixing Line Extending along the Wood (1988) Variable E-A Trend
E-A kerogen trend Wood (1988) E values highlighted for E-A pairs compared for reaction peaks and transformation fractions at different laboratoryscale heating rates Fig. 2 . Optimization method (Opt 1) S2 peak shape is adjusted by combining two or more reaction kinetics along the establish kerogen kinetic E-A trend. Three reaction kinetics are selected to illustrate the reaction peak characteristics (shape and temperature range), and to demonstrate that both activation energy (E) and pre-exponential factor (A) are important in determining these characteristics. step in achieving appropriate kinetic matches to pyrolysis S2 peaks is to establish the E-A values that best match the range of S2 peak temperatures across a range of at least three heating ramps. Tables 1 and 2 list the reaction peak temperatures, at laboratory and geological scales respectively, of single first-order reactions calculated using Eq. (6) and Eq. (12) for a range of E-A values distributed along the established kerogen/hydrocarbon reaction trend (Fig. 1) at 5 kJ/mol intervals. Table 1 is a useful guide with which to access pyrolysis S2 peak temperatures across a range of heating rates. On the other hand, Table 2 complements Table 1 by expressing the reaction kinetics in terms of peak petroleum transformation temperatures. Switching between laboratory scale (/min) and geological scale (/my) A values is essential for petroleum exploration and understanding the generation potential of specific shales over a range of sub-surface temperatures and thermal evolutions.
For generic thermal maturity modelling the reaction temperatures of the single reaction E = 218 kJ/mol ln A 61.56 /my are calibrated in detail to the wide range of vitrinite reflectance (R o ) percentages to provide indicative measures of thermal maturity for a wide range of burial and thermal histories using Eq. (8) (Wood, 2018a (Wood, , 2018b . Of course, it is possible to use other E and A values for that purpose (or indeed distributions of E-A values) to establish alternative correlations between reaction kinetics and R o %. However, if the kerogen present in a specific shale has significantly different reaction kinetics to the reaction kinetics (whatever ones are used) for the vitrinite reflectance scale, they will not reflect when peak petroleum generation occurs in that specific shale. For example, at a 5
• C/my heating rate, from Table  2 , for kerogen reaction kinetics E = 175 ln A = 53.7 /my, the peak petroleum transformation temperature is 117
• C. On the other hand, for kerogen reaction kinetics E = 275 ln A = 72.0 /my, the peak petroleum transformation temperature at that heating rate is 185
• C. Both of these peak transformation temperatures differ significantly from the peak petroleum transformation temperature for kerogen reaction kinetics E = 218 ln A = 61.6 /my, close to vitrinite, of 152
• C. This range of peak transformation temperatures emphasizes the importance of establishing and applying appropriate reaction kinetics to Table 1 . Peak reaction temperatures at a laboratory scale for reaction kinetics spread along the E-A trend highlighted in Fig. 1 and calculated with Eq. (6) and Eq. (12). These temperatures are useful for matching with S2 peak temperatures from pyrolysis tests. Table 3. specific shales.
Matching measured pyrolysis S2 peak temperatures for actual shales/kerogens with reaction kinetic E-A distributions
With the context set in terms of the characteristics of reaction kinetic incremental contribution peaks and transformation fraction curves (Fig. 2 to Fig. 5 ), and the range of peak transformation temperatures for kerogen/hydrocarbontype reactions, the reaction kinetics of the ten samples (A to J) with published multiple heating rate pyrolysis curves are now considered. The first step in achieving this is to match, with the aid of an optimizer, the measured S2 peak temperatures, for three or more distinct pyrolysis heating rates, to the E-A pair that that best fits those temperatures (i.e., step 6(a) in the methodology described). Table 3 lists the results for the best matches to S2 peak temperatures achieved by the optimizer. Table 3 and Fig. 6 compare the reaction kinetics identified (modelled) by the optimizer with those published for each sample evaluated. The agreement between the modelled/optimized values and those published are generally good but not perfect. However, two factors standout: 1) the relative spread of E-A values among the samples is consistent fitted and published data sets; and, 2) both published and modelled values lie close to, but predominantly just to the right of, the established E-A trend for kerogen/hydrocarbon reactions.
There are at least three contributing factors on why the published and modelled values do not coincide exactly: 1) the S2-peak temperature values used are digitized from published images and the S2 peak temperatures are likely to vary within 2 or 3
• C of the actual recorded values; 2) the published kinetics are representative modal or mean values from a distribution; 3) in some cases there is more than one possible E-A solution with low sum of the squared error (SSE) that the optimizer could select to provide a good match for the multi-rate peak reaction temperatures. It is therefore more meaningful to compare the E-A distributions of the full S2-peak-shape fits (step 2 of the optimization methodology) to establish the most realistic reaction kinetic fit.
Finding the best reaction kinetics to fits to the full S2 peak shapes with an optimizer
The second step in the methodology to find the best distribution of E-A values to reproduce the S2 peak shapes of the shale/kerogen samples (i.e., step 6(a) in the methodology described) can be performed using the three optimization approaches described above (i.e., Opt 1, Opt 2 and Opt 3). Although Opt 1 (i.e., constraining E-A values to the E-A trend displayed in Fig. 1 ) can provide approximate fits to the S2 peak shapes it is unable to provide exact fits to the full S2 peaks. On the other hand, Opt 2 and Opt 3 can provide exact fits to the full S2 peaks and it is those approaches that are compared and contrasted here. Both commence with the E-A values established in Table 3 (i.e., the best S2 peak temperature matches) as their starting points (initial modal focus for the reaction kinetics distributions to be constructed) and match the exactly the same normalized /
• C data sets for each S2 peak for each sample.
The results for the Opt 2 approach (i.e., mixing kerogens along a fixed A trend) applied to the ten kerogen/shale samples Table 3 . Optimizer best E-A reaction kinetic fits to S2-peak temperatures for ten kerogen/shale samples compared to published reaction kinetics for those samples. E-A comparisons are illustrated in Fig. 6 .
Step 1 in establishing reaction kinetic distributions: Optimized match of S2-peak temperatures for 10 samples at three distinct heating rates (using Eq. (6), Eq. (11) and Eq. (13)) are displayed in Table  4 and illustrated in Fig. 7 . These best fit kinetic distributions involve a significant range of E-values that all straddle the established E-A kerogen/hydrocarbon trend. Note the MSE values for these fits are low. MSE values below about 1.0E00 demonstrate almost perfect fits to the S2 incremental peak shape and T F curve for each sample. The weighted average E value of the best-fit reaction kinetics distribution is close to the modal value in all cases. If the distribution is to be described by a single E-A pair either the modal or weighted average values could be considered as representative.
The results for the Opt 3 approach (i.e., mixing kerogens with E and A unconstrained; the optimizer is free to select reactions with any E-A combination in order to achieve the best S2 peak-shape fit) applied to the ten kerogen/shale samples are displayed in Table 5 and illustrated in Fig. 8 . These best-fit kinetic distributions involve a significant range of E-A values for each sample that also straddle the established E-A kerogen/hydrocarbon trend, but tend to be distributed closer to that trend, mostly in a semi-parallel manner. Note the MSE values for these fits are also very low (< 1.0E00 in all cases) indicating almost perfect fits to the S2 incremental peak shape and T F curve for each sample. The weighted average E-A value of the best-fit reaction kinetics distribution is close to the modal value in some cases (e.g., for samples B, C, F, I and J the E values are within 5 kJ/mol and A values are very similar). On the other hand, the modal and weighted average values of the reaction kinetic distributions for samples A, D, E, G and H differ by greater than 5 kJ/mol and A values are also distinct. If the distribution is to be described by a single E-A pair for samples A, D, E, G and H the weighted average values are more representative of that distribution than the modal values of the distribution.
Note that the modal values of the best-fit distributions are the same for Opt 2 and Opt 3 approaches, as both optimization routines are seeded with those values (i.e., the best fit S2 peak temperature kinetics for Table 1 ). However, it should be recognized that in shales with significant proportions of more than one kerogen type that modal value is reflecting the combined effects of multiple reaction kinetics and may not itself represent the reaction kinetics of a single kerogen type. Some of the samples do show indications of bimodal distributions. This is perhaps most significant for sample G where two reactions with E values separated by ∼ 10 kJ/mol Table 4 . Optimizer Opt 2 best E-A reaction kinetic fits to full S2-peak shapes for ten kerogen/shale samples using a distribution E and a fixed A values for up to 11 individual first-order kinetic reactions for each sample. E-A distributions are illustrated in Fig. 7 Optimized best-fit reaction kinetic distributions using the fixed A approach (Opt 2) results for the ten kerogen/shale samples studied. Note those distributions extend over wide ranges of E values and all straddle the identified E-A kerogen/hydrocarbon trend. Details of the kinetic distributions are listed in Table 4 . Fig. 8 . Optimized best-fit reaction kinetic distributions using the variable E-A approach (Opt 3) results for the ten kerogen/shale samples studied. Note those distributions extend over wide ranges of E values and all straddle the identified E-A kerogen/hydrocarbon trend. Details of the kinetic distributions are listed in Table 5 . Table 5 . Optimizer Opt 3 best E-A reaction kinetic fits to full S2-peak shapes for ten kerogen/ shale samples using a distribution E-A values for up to 11 individual first-order kinetic reactions for each sample. E-A distributions are illustrated in Fig. 8 84 195.82 196.13 196.17 196.18 196.19 196.34 196.53 (Table 4 and Table 5 ) have significant fractional contributions in the optimum solutions. This potentially explains the broader S2 peak associated with that sample. However, whether Opt 2 or Opt 3 best fits are applied, in order to match the S2 peak all reactions included in the distribution make a contribution. Hence, all reactions involved in the kinetic distribution (not the modal or weighted average values) should be used in applying the best fit results to a geological scale thermal history for a specific shale sample in order to accurately reflect the extent and timing of petroleum generation.
For Opt 3 the individual reactions that contribute >= 5% fractions to the optimum solutions are highlighted in Table 6 and Fig. 9 . These reactions typically make up more than 90% of the reactions involved in the optimum best-fit solutions.
By comparing Fig. 8 and Fig. 9 it is clear that those reactions contributing most to the best-fit solutions generally lie close to the established E-A trend than those reactions contributing small (< 5%) fractions to those solutions. In general, for both Opt 3 and Opt 2 approaches the reactions Table 6 . Optimizer Opt 3 best E-A reaction kinetic fits to full S2-peak shapes for ten kerogen/ shale samples using a distribution E-A values showing just those reactions in the solution that contribute >= 5% fraction to the solution. The E-A distributions of these significant reactions are illustrated in Fig. 9 .
Note the fractional contributions of these major contributing reactions sum to > 0.9 in all but one case.
S2 peak shape fits applying a variable A (pre-exponential factor) value to each kinetic component (KC) only kinetics contributing >= 5% to the fit are included . Optimized best-fit key reaction kinetics (contributing >= 5% to solutions) using the variable E-A approach (Opt 3) results for the ten kerogen/shale samples studied. Note these key-contributing reactions tend to be situated closer to the established E-A kerogen/hydrocarbon trend than those contributing smaller fractions to the solutions (compare with Fig. 8) . Details of the key kinetic reactions plotted are listed in Table 6 . . Weighted average kinetics for the optimized best-fit reaction kinetics distributions for Opt 2 (labelled f for fixed-A) and Opt 3 for the ten kerogen/shale samples studied. Note, these kinetic weighted-average solutions all lie close to the established E-A kerogen/hydrocarbon trend. Fig. 11 . Reaction increments (left) and transformation factors (right) for sample A at three different heating rates with the Opt 3 best-fit solutions almost perfectly overlying the digitized data for these curves. The weighted-average of the reaction kinetics distribution achieving this best fit (MSE = 6.12E-01) is: E = 198.72 kJ/mol ln A = 58.88 /my. making small contributions tend to be making contributions to improve the fits to the more distal portions of the left and right flanks of the S2 peaks. Consequently, such reactions play a less significant role in the petroleum generation timing and peakgeneration temperatures of the kerogen mix than the other more significant reaction contributions. Fig. 10 compares the weighted-averages of the kinetics distributions for the best-fit solutions for each sample applying approaches Opt 2 and Opt 3. Considering, these fits are based on exactly the same data set and are seeded with the same modal solutions (i.e., those from Table 3) the differences in these weighted averages are significant. Sample G stands out in this regard, with the bimodal kinetic distribution in Opt 3 solution undoubtedly contributing to that distinction. All of the weighted average solutions, for both Opt 2 and Opt 3, lie close to or offset just to the right of the established E-A trend. Fig. 11 to Fig. 13 illustrate the actual best-fit solutions (Opt 3) to the /
• C reaction increments and reaction transformation curves for three samples (A, I and G, respectively) that plot towards each end and the center of the range of reaction kinetics displayed in Fig. 10 . Other samples could be shown as the quality of the fits achieved are similar for each sample (a comparison of MSE values in Table 5 reveals the high degrees of fits achieved for all samples with Opt 3). Note the significantly broader peak involved for sample G (Fig. 13) which, as mentioned, is indicative of bimodal nature of the reaction kinetics required for the optimum solution.
Discussion
Appropriate formulations of the Arrhenius equation to fit S2 pyrolysis peaks
The results presented demonstrate that the formulation of the Arrhenius equation in terms of Eq. (6) to establish reaction increments and Eq. (11) to establish transformation fractions is a viable and effective way to establish E-A distributions (using Eq. (13)) that accurately match/fit the full shapes of multiheating-rate S2 pyrolysis data when that data is expressed on a normalized scale of 0 to 1. This formulation is more versatile than the Arrhenius equation formulated as Eq. (14) which requires the reaction kinetic distributions to be expressed in terms of a constant/fixed a value and is restricted to a single heating rate over time.
Eq. (6), Eq. (11) and Eq. (13) are able to provide meaningful fits to multi-heating-rate S2 pyrolysis data, with the aid of optimizers, using reaction kinetics distributions with fixed-A or with variable E-A values. This makes these equations more useful than those using Eq. (14), and raises the question of why do some petroleum geologists persist in applying that oversimplified formulation of the Arrhenius equation derivative?
Appropriate methodology for fitting multiheating-rate pyrolysis S2 peaks
Both the fixed-A (Opt 2) and variable E-A (Opt 3) methods applying the two-step methodology proposed with Eq. (6), Eq. (11) and Eq. (13) can clearly provide accurate fits (i.e., low MSE between modelled and measured curves) to real multi-rate S2 data sets, as demonstrated by the ten samples evaluated. However, which method (Opt 2 or Opt 3) provides the most credible results? A comparison of Fig. 7 with Fig.  8 and Fig. 9 reveals that the reaction kinetics involved in the Opt 3 best-fit solutions are distributed more realistically along the established E-A kerogen/hydrocarbon trend. On the other hand, the Opt 2 best-fit solutions, although they straddle the established E-A kerogen/hydrocarbon trend they involve some reactions that lie at significant distances either side of that trend.
The more distant reactions are from the established E-A trend the more questionable they are in terms of relevance to kerogen/hydrocarbon reactions and geological time scales. Most shales involve mixtures of kerogen types I, II, III and IV with reaction kinetics known to lie in the vicinity of the established E-A trend. Matching S2 peaks with reaction kinetic distributions that involve individual reaction E-A values that lie close to and/or extend over ranges that are parallel to that trend are the most credible fits to the data. Consequently, Opt 2 (variable E-A distributions) are considered to be much more credible than fixed-A distributions. This has significant implications for modelling petroleum generation using appropriate distributions of kerogen reaction kinetics. Clearly, more than one viable reaction-kinetic distribution "best-fit" solution exist for most shales, even using multi-heating-rate pyrolysis data modelled on a high-resolution (i.e., each 1
• C) basis. The challenge is to select the most credible one. Geologically, fixed-A reaction kinetics distributions offer little to support their credibility other than that Eq. (14) is slightly easier to manipulate and compute than Eq. (6), Eq. (11) and Eq. (13).
Refining the established kerogen/hydrocarbon E-A trend
The established activation energy versus pre-exponential factor (E-A) trend for kerogen/hydrocarbon reactions dates back to the 1980s (Wood, 1988) and is based on the limited set of data available at that time from various source published in the 1970s and 1980s. In the original publication that trend was illustrated as a dashed line with a question mark at its lower end, and the individual data points extracted from pyrolysis experiments on kerogens and hydrocarbonrelated reactions identified a significant spread of data around that trend. Ungerer (1990) subsequently published a similar trend based on pyrolysis data performed on selected kerogen samples in the 1980s which also showed a significant spread of Fig. 14 . Two "best-fit" reaction kinetics distributions derived by optimization for single-heating rate (1 • C/min) S2-peak pyrolysis data of Sample E using different seed values. These are two of many possible excellent E-A fits to that single peak. Neither fit shown is close to the best fit established for the three-heating rate S2 peaks for that sample (E = 215.85 kJ/mol ln A = 63.03, Table 5 ). data about the trend line proposed (see Fig. 1 here and Fig. 8 , Ungerer, 1990) . Although a significant amount of subsequently published kinetic data on kerogens and shales reveal E-A distributions that plot close to or straddle the Wood (1988) and Ungerer (1990) trends (e.g., Peters et al., 2015 ; samples evaluated in this study), there is, undoubtedly, scope to refine and establish a kerogen/shale E-A trend with better-defined range limits on that refined trend using a larger data set.
To define a more representative E-A trend for the more common global kerogen/shale types, a large data set of multiheating rate pyrolysis data for various thermally-immature kerogens/shales needs to be collected/compiled from around the world. It is likely that it would be possible to use a betterdefined E-A trend to constrain pyrolysis S2 peak modelling further, i.e., to review the credibility of peak fits using Opt 3 and, perhaps, to derive more reliable indicative kerogen reaction kinetics from the Opt 1 method described for singleheating rate pyrolysis data.
Extracting meaningful reaction kinetics data from single-heating-rate pyrolysis S2 peaks
There has been some debate in recent years (Peters, 2014; Peters et al., 2015; Waples, 2016) regarding the value of singleversus multi-heating rate pyrolysis data in deriving meaningful reaction kinetics for modelling petroleum generation from kerogen/shales. The results of this study support the case that multi-heating rate data (using three significantly distinct heating ramps) provides more reliable reaction kinetic data. To some extent though that discussion has been focused on the wrong issue. It should have identified that the practice of using a fixed A-value to model reaction kinetic distributions applies flawed logic and imposes unrealistic assumptions.
The reason why single-heating ramp S2 peak data provide unreliable reaction kinetic results is that there are multiple E-A distributions that can provide excellent shape fits to a single S2 peak shape. This is illustrated by Fig. 14 which shows two "best-fit" results applying the optimizer (step 2 only) to just the slowest heating ramp (1
• C/min) data for sample E. The graph on the left (Fig. 14) shows the "best-fit" solution (MSE = 1.75E-01) when seeded initially with the 11 reactions set at reaction kinetics of E218 kJ/mol ln A 61.56 /my. The weighted average of the reaction kinetics for that fit is E165.60 kJ/mol ln A61.44. The graph on the right (Fig. 14) shows the "bestfit" solution (MSE = 1.24E-01) seeded initially with the 11 reactions spread with equal fractions along the established E-A trend. The weighted average of the reaction kinetics for that fit is E247.51 kJ/mol ln A62.96. Neither of these fits lies close to the best fit established collectively for the three heating rates, which is (E = 215.85 kJ/mol ln A = 63.03, Table 5 ).
The two fits shown in Fig. 14 are two of many that could be established to fit this single heating-rate peak, depending upon the E-A values with which the eleven kinetic reactions considered by optimizer are seeded. Clearly the reaction kinetics derived in this way are unreliable. Table 7 reinforces this point by listing the "best-fit" results for the other samples (A to J) apply similar attempts to fit reaction kinetics distributions to the single peak derived from the lowest-heating-rate S2-peak pyrolysis data. The high MSE (> 1.0E+00) for almost all the three-peak cases associated with single-peak fit attempts indicate that allow the optimizer fits the single peak well the kinetics distributions it uses to do so do not fit the other two peaks. Also, the weighted averages of the kinetic distributions for the single-peak fits differ significantly from the three-peak kinetics.
Peak fitting issues relating to thermally mature or post mature samples
The reaction-kinetic modelling presented here focuses upon immature/early mature shale pyrolysis data. S2 pyrolysis peaks of shale samples at peak or post-peak thermal maturity tend to be broader and more complex than those for immature shales, which in most cases are relatively narrow and symmetrical across a liner temperature scale. Thermally mature shales often produce asymmetrical S2 peaks exhibiting multi-peak, fronting and back-tailing shapes (terms adopted from Jurisch et al., 2012) . It is clear that a more complex set of processes are involved combining first-order reactions (e.g., progression of kerogen maturation), second order reactions (e.g., breakdown of bitumen, natural gas liquids etc. to smaller hydrocarbon molecules) and potentially non-kinetic processes (release of gases from more extensive nano-porosity in mature kerogens). Further work is required to quantify the combination of these processes. Work in progress is focused on modelling to produce accurate fits and explain the more complex, broader S2 peaks associated with kerogens/shales at peak or post thermally mature conditions. This is considered important as being able to model and predict these complex S2 peak shapes should help in locating thermally mature sweet-spots in shales that are more likely to be associated with higher petroleum yields.
Conclusions
Modelling S2 pyrolysis data normalized to a scale of 0 to 1, using reaction kinetics based on the Arrhenius time temperature index T T I ARR method to calculate reaction increments (Eq. (6)) and transformation fractions (Eq. (11)) on a detailed temperature scale (1 • C interval from 250
• C to 700
• C), and to combine those for multiple reactions using Eq. (13), provides excellent fits to published data for shales and kerogens extracted from shales in thermally immature or early mature conditions.
A two-step optimization approach is required to derive reaction kinetics distributions in terms of activation energies (E) and pre-exponential factors (A) that can fit the full S2 peak shapes with minimum errors. This requires multi-rate pyrolysis data generated at three different heating rates.
Step 1 applies an optimizer to Eq. (6), Eq. (11) and Eq. (13) (on a 1
• C scale) to identify the E-A pair that best matches the S2 peak generation temperatures for the three heating rates.
Step 2 then takes that E-A pair as the modal point from which ten other reactions defined as E-A pairs are optimized (on a 1 • C intervals) to match the full shapes of the S2 peaks for the three different heating rates.
Two distinct approaches can be taken for step 2 that both provide excellent fits to the S2 curve data. The first approach (Opt 2) fixes the A value at the modal value derived by step 1 and locates its optimum best-fit solution by finding the fractions of 11 E values (including the modal value) that best fit the data of the three S2 peaks. This is similar to the approach adopted by many kerogen kinetic studies over the past 25 years (applying Eq. (14) rather than Eq. (6), Eq. (11) and Eq. (13)). The second approach (Opt 3) takes as its mode the E-A pair derived from step 1 and locates its optimum best-fit solution by finding the fractions of 11 E-A values (including the modal value) that best fit the data of the three S2 peaks. This cannot be done with Eq. (14), but requires Eq. (6), Eq. (11) and Eq. (13).
A comparison of the best-fit solutions with the established E-A trend of kerogen/hydrocarbon reactions suggests that the Opt 3 approach provides more credible best-fit solutions than the Opt 2 approach. The reactions contributing to the Opt 3 best-fit solutions are distributed along the established E-A trend, which is logical for shales that contain a mixture of kerogen types. On the other hand, the solutions generated by Opt 2 include contributions from reactions that are located far from the established E-A kerogen/hydrocarbon reaction line. Also, there is clearly no theoretical justification to expect all the reactions involved in kerogen/shale thermal maturation to be aligned along a single A value. That over-simplified assumption has been made by chemists/analysts purely for the convenience of being able to achieve easy fits to the data using equations such as Eq. (14). It is unfortunate that many geoscientists seem to have accepted that approach without questioning the implications and validity of that assumption.
There is a limited number, but more than one set, of kinetic reactions that can fit with reasonable accuracy even three pyrolysis S2 peaks generated by multi-rate analysis. However, the number of realistic fits is limited. This is not the case when fitting one S2 peak from a single heating rate pyrolysis analysis, where multiple potential fits with quite distinct reaction kinetics can be generated if E-A are allowed to vary in an unconstrained way. Consequently, it is not possible to obtain reliably accurate reaction kinetics distributions from single-heating-rate pyrolysis data. Indicative reaction kinetics can be achieved by constraining the solutions to involve only those reactions lying close to the established E-A trend, but these need to be refined by multi-rate pyrolysis data to verify the validity of the reaction kinetic distribution.
This work focuses upon immature/early mature shale pyrolysis data. Further work is required to model, fit and explain the more complex, broader S2 peaks associated with kerogens/shales at peak or post thermally mature conditions.
The established E-A trend for kerogen/hydrocarbon reactions dates back to the 1980s and is based on the limited set of data available at that time. Although a significant amount of subsequently published kinetic data on kerogens and shales provide E-A distributions lying close to or straddling that trend, there is clearly a requirement to refine that trend. To better define the spread of reaction kinetics around that trend a large dataset of kerogen/shale multi-heating rate pyrolysis data needs to be collected and compiled from shales around the world.
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